Selected members of the family Pasteurellaceae Pohll981 were investigated for their lipoquinone contents by using high-performance liquid chromatography. In addition to ubiquinones and demethylmenaquinones, menaquinones (MK-7 or MK-8 or both) were detected, mostly as minor naphthoquinone components, in several Actinobacillus, Pasteurella, and related species. Previous studies that relied on difference spectrophotometry and thin-layer chromatography did not identify menaquinone components in lipid extracts of members of the Pasteurellaceae. The view that this family can be differentiated from the Enterobacteriaceae and other fermenting gram-negative bacteria by a lack of menaquinones cannot be maintained. Although the situation seems to be more complex than previously recognized, the distribution patterns of lipoquinone structural types and their isoprenologs appear to remain a valuable chemotaxonomic tool for these bacteria.
Isoprenoid quinones are essential mediators of phosphorylating electron transport in respiring membranes of many procaryotes and eucaryotic organelles. They are associated with respiratory functions and are present in micromolar amounts per gram of cellular protein, with considerable variation depending on environmental conditions (9, 12, 14, 15, 19) . As a rule, aerobic gram-negative chemoorganotrophic eubacteria and mitochondria contain ubiquinones as the sole respiratory quinones involved in aerobic metabolism and nitrate respiration. Facultatively anaerobic and fermentative gram-negative bacteria belonging to ribosomal ribonucleic acid superfamily I sensu De Ley (5) or to the gamma group of the recently proposed class Proteobacteria (27) may be capable of producing respiratory naphthoquinones. The Flavobacterium-Cytophaga group and related taxa, gram-negative strictly anaerobic eubacteria, and aerobic gram-positive eubacteria contain naphthoquinones as sole respiratory quinones (3, 4) . Menaquinones, methylmenaquinones, and demethylmenaquinones may support phosphorylating electron transport to low-potential acceptors (e.g., fumarate) (13, 16) . Both the distribution of lipoquinone structural types and the length and degree of saturation of their isoprenoid side chains are of chemotaxonomic interest (3, 4) .
Previous studies on the respiratory quinones of members of the family Pasteurellaceae Pohl 1979 (6-8, 23) were performed with lipid extracts of wet cell homogenates containing less than 10 mg of bacterial protein (17, 18) by using difference spectrophotometry of reduced-minus-oxidized ethanolic solutions and thin-layer chromatography (20). These studies indicated that members of the family Pusteurellaceae produce demethylmenaquinones as the sole respiratory naphthoquinones or demethylmenaquinones and ubiquinones. Several species that produced only menaquinones or only ubiquinones were excluded from the family Pasteurellaceae, and the absence of menaquinones in the naphthoquinone fraction was used as a taxonomic marker to separate this group from other gram-negative organisms belonging to the first and fifth ribosomal ribonucleic acid superfamilies (7, 22) . More recently, however, the development of improved analytical methods, e.g., high-performance liquid chromatography (HPLC), have allowed more refined separation of quinone mixtures ( In this paper we present evidence that by performing HPLC analyses of samples containing at least 100 mg of bacterial dry mass, menaquinones can be detected, mostly as minor components, in addition to demethylmenaquinones and ubiquinones, in selected strains representing well-established groups of the Pasteurellaceac. Moreover, our data contain additional information on the distribution patterns of quinone isoprenologs in this family.
MATERIALS AND METHODS

Microorganisms.
Selected type or reference strains of species covering the whole range of phylogenetic diversity in the family Pasteurellaceae (Table 1) were grown from the lyophilized state on chocolate agar, cloned by subculturing typical single colonies, and identified by conventional methods (11).
Production of cell mass. Oxygen-limited cultures were grown in 500-ml batches of Proteose Peptone-glucose medium in 2-liter Fernbach flasks which were moderately shaken (gyratory shaker, 80 rpm) at 36°C; cells were harvested in the late exponential growth phase, washed in deionized water, and lyophilized. The medium consisted of 2% (wt/vol) Proteose Peptone no. 3 (Difco Laboratories, Detroit, Mich.), 0.5% (wt/vol) sodium chloride, 0.2% (wt/ vol) D-( +)-glucose (separately sterilized), and 0.02 M sodium hydrogen carbonate (sterilized by filtration); the final pH was 7.2. Anaerobic cultures were grown in 1-liter batches of Proteose Peptone medium supplemented with 0.05 M disodium fumarate (sterilized by filtration) instead of NaHCO, in Erlenmeyer flasks incubated statically. Before quinone analysis dried cells were stored at -25°C for up to 2 months.
Extraction, purification, and analysis of isoprenoid quinones. Extraction, purification, and analysis of isoprenoid quinones were performed as previously described (26) . To avoid confusion of quinone structural types that exhibited identical retention characteristics during HPLC, the individual quinone peaks were further identified by their ultraviolet (UV) spectra. Each peak was scanned at its apex from 220 to 400 nm by using a diode array detector (model 1090/1040; Hewlett-Packard Co., Palo Alto, Calif. hibited specific UV spectrum which could be used for positive identification (Fig. 1 and 2) .
ponents, in addition to demethylmenaquinones. These organisms represented the genus Pasteurella sensu stricto Mutters et-al. 1985 (25) , the genus Actinobacillus, the Pasteurella haernolytica complex (24), Haemophilus Of the 16 strains of members of the Pasteurellaceae studied, 12 produced menaquinones, mostly as minor com- taxon 14 (l), which has been incorporated in the family Pasteurellaceae on the basis of deoxyribonucleic acid-ribo-soma1 ribonucleic acid hybridization results (U. Rothenpieler, R. Mutters, W. Frederiksen, R. Rossau, P. Segers, J.
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De Ley, and W. Mannheim, Abstr. XIV Int. Congr. Microbiol., abstr. no. P.B4-8, 1986) . Pasteurella pneumotropica biotype Jawetz, members of the genus Haemophilus sensu strict0 (S. Burbach, M.D. thesis, University of Marburg, On: Sun, 30 Dec 2018 07:16:41 VOL. 39, 1989 Marburg, Federal Republic of Germany, 19SS), and Actinobacillus actinomycetemcomitans did not contain menaquinones, despite the sensitivity of the method; less than 1% menaquinone is detectable in the total naphthoquinone fraction. Our data also show the dynamics of benzoquinone and naphthoquinone biosynthesis, which depend on the nature of the terminal electron acceptor available during growth (Table 1) .
In interpreting the results of the quinone analyses, several aspects of the data should be considered. The production of respiratory quinones has proven to be a rather stable and reliable genetic feature. In the family Pasteurellnceae, the ability to form ubiquinones may be lost in otherwise typical strains of Pasteurella multocida (10) and Actinobacillus equuli (21), whereas a lack of demethylmenaquinone formation has been encountered only once in a collection of more than 300 strains of members of the Pasteurellaceae tested, with strain ATCC 7901 (a misclassified strain that belongs to the Aphrophilus group [21]), which produced an unusual naphthoquinone derivative (8). Phenotypically, on the other hand, the quinone contents of bacteria are considerably influenced by medium composition and culture conditions and vary with the physiological age of the cells examined. Organisms capable of both aerobic respiration and anaerobic respiration, such as the bacterial group considered here, must be studied under both culture conditions to cover the range of variability in their quinone contents.
Analytical procedures may also have influenced previously published data on quinone distribution. If there are different structural quinone types present, the extraction efficiencies should be similar, if not quantitative. With the Kroger extraction procedure, naphthoquinones are quantitatively recovered only in the oxidized state (15). Naphthoquinones are susceptible to degradation under alkaline conditions, in strong light, and in the presence of some oxidants (3). HPLC retention times are highly characteristic for individual quinone types and isoprenologs, but they may coincide (e.g., the retention times for Q-8 and DMK-7); therefore, further identification of the peaks by means of spectrophotometric procedures is required.
The introduction of HPLC has greatly improved the detection of smaller lipoquinone fractions in total lipid extracts. With the present methodology, excellent information on bacterial quinone patterns can be obtained. Even if the taxonomic evaluation of the data becomes more complex, as in the present case, quinone patterns are very useful tools in characterizing species and groups. On the basis of the data presented here, the description of the family Pasteurellaceae must be revised with respect to the capability to produce menaquinones in addition to demethylmenaquinones.
